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Abstract
We investigate a modification of anomaly-mediated supersymmetry breaking (AMSB)
with an exotic U(1)x gauge sector that can solve the tachyonic slepton problem of
minimal AMSB scenarios. The new U(1)x multiplet is assumed to couple directly to the
source of supersymmetry breaking, but only indirectly to the minimal supersymmetric
Standard Model (MSSM) through kinetic mixing with hypercharge. If the MSSM sector
is also sequestered from the source of supersymmetry breaking, the contributions to
the MSSM soft terms come from both AMSB and the U(1)x kinetic coupling. We
find that this arrangement can give rise to a flavour-universal, phenomenologically
viable, and distinctive spectrum of MSSM superpartners. We also investigate the
prospects for discovery and the most likely signatures of this scenario at the Large
Hadron Collider (LHC).
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Figure 1: Schematic diagram of the visible, U(1)x, and supersymmetry-breaking sectors.
1 Introduction
Supersymmetry is one of the leading candidates for new physics beyond the Standard
Model (SM). To be consistent with existing experimental searches, the SM superpartners
must have supersymmetry-breaking masses near the electroweak scale. The underlying
nature of supersymmetry breaking plays a central role in determining the mass spectrum
and the interactions of these new superpartner states, and therefore also the predictions
of the theory at particle colliders. The current LHC era holds the promise of discovering
superparticles and might also shed light on the nature of supersymmetry breaking. Thus it
is all the more important to focus on supersymmetry breaking and to understand its origin.
A variety of mechanisms have been proposed to explain the breaking of supersymme-
try and its mediation to the SM superpartners. The leading candidates include gravity
mediation, gauge mediation, and anomaly mediation. Anomaly-mediated supersymme-
try breaking (AMSB) is particularly compelling because it avoids introducing too much
flavour mixing to the superpartner interactions and it relies only on fields present in the
minimal supergravity multiplet [1, 2]. Unfortunately, AMSB in its simplest form also
predicts negative soft squared masses for the sleptons that would induce an unacceptable
spontaneous breakdown of electromagnetism. To remedy the situation, many solutions have
been proposed to generate a viable slepton spectrum such as non-decoupling thresholds that
produce additional gauge mediation [3, 4, 5, 6, 7, 8], new D-term contributions to the scalar
masses [9, 10], unsequestered vector multiplets [11, 12, 13, 14], new couplings involving the
lepton multiplets that persist to low energies [15, 16], and moderate additional gravity-
mediated contributions [17, 18, 19].
In the present work we investigate a new mechanism for fixing the negative slepton
squared mass problem of AMSB that relies on supersymmetric kinetic mixing between an
unsequestered U(1)x gauge symmetry and hypercharge. It is similar to but distinct from the
approaches used in Refs. [13, 14]. A schematic diagram of our proposal is shown in Fig. 1. As
in standard AMSB, the minimal supersymmetric extension of the Standard Model (MSSM)
is sequestered from the source of supersymmetry breaking. This can potentially arise from a
localization of the corresponding fields in different regions in an extra dimension [1, 20, 21]
or through the effects of conformal running [22, 23]. Despite the sequestering, supersym-
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metry breaking is still communicated to the MSSM through universal interactions with
the supergravity multiplet. We augment this minimal picture with an exotic U(1)x gauge
sector that is not sequestered from supersymmetry breaking and that therefore receives large
direct contributions to its soft spectrum from standard gravity mediation. The additional
supersymmetry breaking present in the U(1)x sector is then communicated to the MSSM
through gauge kinetic mixing with hypercharge, modifying the mass spectrum of MSSM
superpartners and potentially solving the problem of negative slepton squared masses.
The outline of this paper is as follows. In Section 2 we describe in more detail the
underlying extension of the MSSM and its effect on the mass spectrum of the SM superpart-
ners. Next, in Section 3 we show that these modifications can lead to a phenomenologically
viable spectrum. In Section 4 we investigate the collider signatures of this scenario, while
Section 5 is reserved for our conclusions. Some accompanying technical details can be found
in Appendices A and B.
2 Couplings and Soft Terms
Our theory consists of the MSSM together with an exotic supersymmetric x sector. The x
sector contains a U(1)x gauge multiplet, and a pair of chiral multiplets H and H
′ with equal
and opposite U(1)x charges ±xH and superpotential
Wx = µ
′HH ′ . (1)
The x and visible sectors couple only via supersymmetric gauge kinetic mixing,
L ⊃
∫
d2θ
(

2
BαXα +
1
4
XαXα +
1
4
BαBα
)
+ h.c. (2)
where Bα and Xα are the gauge field strengths of U(1)Y and U(1)x respectively. This mixing
interaction can be generated by integrating out massive chiral multiplets charged under both
gauge groups [24] giving rise to natural values of  ∼ 10−4−10−2. We treat the kinetic mixing
coupling as a free parameter with the only condition that  1.
2.1 Supersymmetry Breaking and Sequestering
We assume that the MSSM sector is sequestered from the source of supersymmetry breaking,
but that the U(1)x sector is not. This can be realized by localizing the MSSM away from
supersymmetry breaking in a warped extra-dimensional setup [1, 20, 21], or through the
effects of conformal running [22, 23]. We assume further that the source of gauge kinetic
mixing is also sequestered. A schematic picture of the sequestering is given in Fig. 1.
In this framework the dominant source of supersymmetry breaking in the x sector comes
from direct gravity mediation. Typical soft terms in the x sector are therefore
Mx ∼
√
|m2H | ∼
√
|m2H′| ∼
√
b′ ∼ m3/2, (3)
3
where Mx is the U(1)x gaugino soft mass, m
2
H,H′ are the soft squared masses of H and
H ′, b′ is the bilinear holomorphic soft term mixing H and H ′, and m3/2 is the gravitino
mass. These soft masses are not calculable without an ultraviolet completion incorporating
supergravity and we treat them as free parameters on the order of m3/2.
1 The dimensionful
supersymmetric coupling µ′ appearing in Eq. (1) can also be generated with µ′ ∼ m3/2 via
the Giudice-Masiero mechanism [25], as can the corresponding soft coupling b′. Negative
values of m2H or m
2
H′ can induce the spontaneous breakdown of U(1)x with natural values of
〈H〉 ∼ 〈H ′〉 ∼ m3/2/gx, leading to a massive Zx vector of mass mx ∼ m3/2.
Soft supersymmetry breaking terms in the MSSM sector will be generated by anomaly
mediation together with direct mediation from the x sector via gauge kinetic mixing. As
such, they will be suppressed relative to the soft breaking parameters in the x sector due to
sequestering and the small value of the kinetic mixing coupling . We present a prescription
to compute the MSSM soft terms below, and we give a derivation of this prescription in
Appendix A.
2.2 MSSM Soft Masses
Supersymmetry breaking couplings in the MSSM receive contributions from anomaly media-
tion and from gauge kinetic mixing with the unsequestered x sector. In computing these soft
terms, we take Λ to be the characteristic mass scale of the sequestering dynamics, such as
the compactification scale of an extra dimension or the exit scale from a period of conformal
running. With an eye on grand unification, we choose Λ = 2 × 1016 GeV, but other values
could be considered. For simplicity, we also identify Λ with the (sequestered) dynamics
giving rise to gauge kinetic mixing, such as a vector-like pair of chiral multiplets charged
under both U(1)x and hypercharge with a supersymmetric mass on the order of Λ.
At scale Λ, the MSSM soft masses are dominated by the usual contributions from anomaly
mediation evaluated at that scale, given explicitly in Refs. [1, 20, 26]. We take this to be our
high-energy boundary condition. Additional threshold corrections as well as the anomaly-
mediated contribution of the gauge kinetic mixing interaction are parametrically smaller. In
the course of renormalization group (RG) evolution down from Λ, the MSSM soft masses
receive additional contributions from the x sector. At one-loop order the MSSM gaugino
masses remain unchanged. For the scalar soft masses, we find (to quadratic order in  1)
(4pi)2
dm2i
dt
= (4pi)2
(
dm2i
dt
)
MSSM
− 24
5
Y 2i 
2g21|Mx|2 − 2
√
3
5
Yig1gx Sx (4)
where t = ln(Q/mZ) is the logarithm of the renormalization scale Q, Sx = xH(m
2
H −m2H′),
and Mx is the x-sector gaugino mass. The first new contribution is analogous to gaugino
mediation [27, 28] and is generated by diagrams of the form shown in the left panel of Fig. 2,
while the second comes from diagrams like in the right panel of this figure. The one-loop
1 For Mx,
√
b′ ∼ m3/2 it is also necessary that the source of supersymmetry breaking involves gauge
singlets.
4
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Figure 2: Contributions to the RG running of the MSSM scalar soft masses from
supersymmetric gauge kinetic mixing between hypercharge and U(1)x. The left panel shows
the leading effect from the mixing of the gaugino components, while the right panel illustrates
the contribution from the mixing of the D-terms.
running of the trilinear A terms is given by (to quadratic order in  1)
(4pi)2
dAf
dt
= (4pi)2
(
dAf
dt
)
MSSM
+
12
5
∑
i
Y 2i g
2
1
2Mx, (5)
where the sum in the second term runs over the hypercharges of all the fields involved in
the corresponding interaction. This contribution is generated by diagrams of the form of
Fig. 2, but with only a single Mx insertion. RG equations for Mx and m
2
H,H′ are given in
Appendix A.
These RG equations only apply at energies larger than the x-sector masses, on the order
of m3/2. At Q = m3/2 we integrate out the heavy x-sector multiplets. The main effect of
doing so is to generate an effective Fayet-Iliopoulos (FI) term [29] for hypercharge from the
vacuum expectation values (VEVs) of H and H ′ inducing the spontaneous breakdown of
U(1)x. Writing
〈H〉 = vx sinα, 〈H ′〉 = vx cosα , (6)
we have mx =
√
2gxcxHvx for the U(1)x vector mass, where c = 1/
√
1− 2. Up to an overall
constant, the induced FI term can be absorbed in the MSSM soft scalar masses according
to (to quadratic order in  1)
m2i (Q = m
−
3/2) = m
2
i (Q = m
+
3/2) +

2
√
3
5
Yi
xH
g1
gx
m2x cos 2α . (7)
The RG running of the MSSM soft terms from m3/2 to near the electroweak scale is identical
to the MSSM. More details about the prescription given here for computing the MSSM soft
masses are given in Appendix A.
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From the discussion above we see that, in addition to anomaly mediation, the MSSM
soft scalar masses get contributions from the U(1)x gauginos that push them towards more
positive values, as well as contributions from Sx and U(1)x breaking that are proportional
to hypercharge and can have either sign. We will show below that the positive effect of
the unsequestered U(1)x gaugino mass can yield a phenomenologically viable soft mass
spectrum for the MSSM. In particular, this scenario can evade the tachyonic slepton problem
of minimal anomaly mediation.
There are two additional important differences between this scenario and pure anomaly
mediation. First, the MSSM soft masses depend implicitly on high-scale physics, and are
therefore not UV insensitive. This is the result of the overall mass scale in the x sector being
of the same order as the scale of supersymmetry breaking in that sector. Second, to get Mx ∼
m3/2, a necessary condition for positive MSSM soft masses, the supersymmetry breaking
sector must contain gauge singlets, which is not the case for pure anomaly mediation.
A slight variation on this scenario that could lead to positive soft masses for all MSSM
scalars in the absence of a supersymmetry-breaking singlet (or for small values of ) would
be to gauge a sequestered (B−L) and to arrange for it to also have kinetic mixing with
U(1)X . In this case, both hypercharge and (B−L) D-terms would be generated by the x
sector. As shown in Refs. [9, 10], such terms can yield positive MSSM soft scalar masses
while retaining the UV insensitivity property of minimal AMSB. We defer a study of this
variation to a future work.
3 X-Sector Parameters and MSSM Spectra
Based on our discussion in the previous section, we can derive the low-energy MSSM spec-
trum once we specify the parameter values in the x sector (along with µ and Bµ in the
MSSM sector). While the x sector is relatively unconstrained, there are evidently many
phenomenological constraints on the visible sector, such as consistent electroweak symmetry
breaking, precision electroweak tests, and direct collider constraints on particle masses. In
this section we perform a scan over parameter values in the x sector to search for viable
MSSM spectra.
3.1 Symmetry Breaking in the X Sector
The independent parameters characterizing the x sector are , gxxH , µ
′, b′, Mx, m2H , and
m2H′ . Of these, the first three are supersymmetric while the remaining four arise from soft
supersymmetry breaking. We demand that the U(1)x gauge symmetry be spontaneously
broken. The corresponding minimization conditions for H and H ′ allow us to replace two
of these parameters with the massive Zx vector mass mx and the ratio of VEVs tanα. We
choose to solve for b′, m2H , and m
2
H′ in terms of mx, tanα, and Sx/xH = (m
2
H −m2H′).
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Parameter Range
 [0.01,0.1]
gxxH [0.7,0.9]
Mx [0.5,5]×m3/2
Parameter Range
Sx/xH [-5,5]×m23/2
mx [0.1,10]×m3/2
tan α [0,0.75] ∪[1.25,50]
µ′ [0.5,5]×m3/2
Table 1: Input parameters in the x sector specified at the high scale Λ (left) and the lower
scale m3/2 (right), and the corresponding scan ranges considered in our analysis.
The leading part of the x-sector scalar potential is
V = (|µ′|2 +m2H)|H|2 + (|µ′|2 +m2H′)|H ′|2 +
1
2
g2xc
2

(|H|2 − |H ′|2)2 − (b′HH ′ + h.c.) (8)
We can take b′ to be real and positive by making a field redefinition, in which case the
potential is minimized withH andH ′ both real and positive as well. Minimizing the potential
gives the relations
b′ = −1
2
m2x sin(2α) +
1
2
Sx
xH
tan(2α), (9)
m2H = −
1
2
m2x − |µ′|2 +
Sx
xH
cos2 α
cos(2α)
, (10)
m2H′ = −
1
2
m2x − |µ′|2 +
Sx
xH
sin2 α
cos(2α)
. (11)
Corrections to these relations from the MSSM backreaction are suppressed by powers of
m2Z/m
2
x and can be safely neglected (away from tanα = 1).
3.2 Scans and Experimental Constraints
To investigate the effect of the x sector on the MSSM spectrum, we scan over this sector
by choosing the values of Mx, gxxH , and  at the high input scale Λ, as well as the values
of Sx/xH , mx, tanα, and µ
′ at the lower scale m3/2. Since the supersymmetry-breaking
terms in the x sector in this scenario get direct gravity-mediated contributions, this is the
natural scale for these parameters as well as for the spontaneous breakdown of U(1)x, and
we incorporate this property in our numerical analysis. The scan ranges considered are listed
in Table 1.
A phenomenologically viable particle spectrum must have a spontaneously broken U(1)x
gauge symmetry and an acceptable MSSM particle spectrum. For a given set of x-sector
input values, we calculate the x- and MSSM-sector particle masses using a numerical code to
integrate the modified one-loop RG equations based on Eqs. (4,5). The MSSM soft masses
at the TeV scale are then put into SuSpect 2.41 [30], which calculates the physical spectrum
including threshold corrections. In doing so, we also implicitly fix the values of µ and Bµ
to achieve electroweak symmetry breaking (EWSB) for a given value of tan β. SuSpect also
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performs a number of checks on the spectrum, such as consistent EWSB and the absence of
dangerous charge or color breaking minima. Furthermore, it calculates SUSY contributions
to several precision observables including the ρ parameter, the anomalous magnetic moment
of the muon, and BR(b→ sγ).
We also demand that the MSSM superpartner spectrum has a neutral lightest super-
partner state (LSP), and is consistent with existing collider bounds from LEP and the
Tevatron. Constraints and discovery prospects from the LHC will be discussed in more
detail in Section 4. In particular, the next-to-LSP (NLSP) is typically a chargino, and
the LEP bound of mχ± & 95 GeV [31, 32] forces m3/2 & 35 TeV. We also impose only
a very weak bound on the lightest Higgs boson mass of mh > 110 GeV to allow for a
theoretical uncertainty due to higher-order corrections as well as the possibility of additional
contributions to its mass beyond those of the MSSM [33, 34, 35].
3.3 Viable MSSM Spectra
Upon computing the MSSM particle masses in this scenario, we find superpartner spectra
that are consistent with existing experimental constraints. Most importantly, the contri-
butions of the x sector to the MSSM can solve the tachyonic slepton problem of minimal
anomaly mediation. The resulting spectra are also fairly distinctive, and could be probed in
upcoming LHC searches.
The gaugino soft masses in this scenario are identical (at one loop) to their values in
minimal anomaly mediation. The Wino mass M2 is the smallest of these soft masses, followed
by the Bino mass M1 and the gluino mass M3. Their ratio is approximately M1 : M2 : M3 ∼
3.3 : 1.0 : 7.8.
Scalar soft squared masses are significantly shifted by the x sector. For the first and
second generations, where the Yukawa couplings can be ignored to a good approximation,
the net one-loop effect can be expressed in the form
m2i (Q) = [m
2
i (Q)]AMSB + Y
2
i A+ YiB(Q) , (12)
where Q < m3/2 is the RG running scale, [m
2
i (Q)]AMSB is the value that the soft mass would
have in minimal anomaly mediation, and A and B are universal and given by (to quadratic
order in )
A =
1
(4pi)2
24
5
(
2g21|Mx|2
1
g6xg
4
1
)
Λ
∫ ln(Λ/m3/2)
0
dt g6xg
4
1 , (13)
B =
1
2
√
3
5
g21(Q)
(

g1gxxH
)(
m2x cos(2α) + [Sx(Λ)/xH ]
[
1− g
2
x(m3/2)
g2x(Λ)
])
. (14)
The A coefficient arises from the the heavy U(1)x gaugino mass and is clearly non-negative.
The B coefficient can have either sign, and can be related to induced Fayet-Iliopoulos terms
as discussed in Appendix A.2 The soft scalar masses of the third-generation cannot be written
2Note that /gxg1 is RG-invariant at one-loop.
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Figure 3: Lightest squark (light grey) and slepton (dark blue) masses in the phenomenolog-
ically allowed region of the A-B plane for m3/2 = 60 TeV. The lightest squarks are b˜1, t˜1.
The lightest sleptons are ν˜τ along the south-east gradient and τ˜1 along the north-east.
in such a simple form due to the effect of the larger Yukawa couplings on the RG running.
Even so, the expressions in Eqs. (12,13,14) often still provide a useful approximation to their
values.
It is convenient to describe the effects of the x sector on the MSSM and the corresponding
phenomenologically viable regions in terms of the A and B coefficients. Indeed, any set of
x-sector parameters maps onto a unique region in the A-B plane. Furthermore, it can be
shown that for fixed m3/2, any two sets of x-sector parameters that map to the same point
in the A-B plane also yield identical values for the third-generation soft scalar masses and
trilinear A terms [10, 36]. Therefore any point in the A-B plane corresponds to a unique
MSSM spectrum in this scenario for a given value of m3/2.
In Fig. 3 we show the allowed portion of the A-B plane for m3/2 = 60 TeV. Throughout
this plane the gaugino spectrum is identical to minimal AMSB leading to nearly-degenerate
Wino-like chargino and neutralino states with masses close to 165 GeV, a mostly-Bino
neutralino with mass of about 545 GeV, and a 1.3 TeV gluino. Raising m3/2 increases
these masses proportionally. On the other hand, masses of the scalar superpartners vary
significantly throughout the parameter region. In Fig. 3 we also show the mass contours of
the lightest slepton (ν˜τ or τ˜1 in dark blue) and the lightest squark (b˜1 or t˜1 in light grey).
The allowed region in the A-B plane is cut off at small values of A by unacceptably low
values of the slepton masses corresponding to m2L3 and m
2
Ec3
. In particular, since YL = −12
and YEc = 1, positive B values push m
2
Ec up and m
2
L down. Thus the region of small A with
B > 0 is constrained by small m2L3 , and small A with B < 0 is cut off by small m
2
Ec3
. The soft
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masses m2Uc3 and m
2
Dc3
also scale similarly, since YUc = −23 and YDc = 13 . Increasing A tends
to increase the values of nearly all the soft scalar masses. An important exception is m2Q3 ,
which runs small due to the backreaction from the large top Yukawa contribution in its RG
equation, particularly when B < 0. This leads to the large A region being constrained by
phenomenological bounds. In the region of large A and B < 0, the mass difference between
the light stops and sbottoms (t˜L and b˜L) becomes large and is constrained by the ρ parameter.
For large A and B > 0, the up-type Higgs soft mass becomes too large and positive to allow
electroweak symmetry breaking. Thus, the ρ parameter and consistent EWSB cut off the
large A region for B < 0 and B > 0 respectively.
The allowed region in Fig. 3 also shows that we need
√|B| . √A to obtain a viable
MSSM spectrum. Since the B coefficient goes like g1gxm
2
3/2 ln(Λ/m3/2) while A goes like
g21
2m23/2 ln(Λ/m3/2), the natural size of A relative to B is down by a factor of (/g1gx) g
2
1(Q).
Thus, a mild cancellation is usually needed between the two contributions to B to keep it
relatively small, corresponding to a fine tuning on the order of . From this point of view,
slightly larger values of  are favourable.
3.4 Mass Sum Rules
The scalar superpartner masses vary widely over the A-B plane, and the third generation
squarks can be significantly lighter than those of the first two. We will discuss their spectrum
in more detail below. Despite this variation, the scalar superpartner masses of the first two
generations satisfy a set of simple sum rules related to the A-B parametrization described
above.
Only one field, Ec, has hypercharge such that Y = Y 2, so at least three soft masses are
needed to eliminate both A and B. Up to an overall normalization, the complete set of soft
mass combinations that are independent of the x sector is then given in Table 2 including
the predictions from our model; these depend only on the standard AMSB expressions for
the soft masses [1, 2].
Note that the ordinary AMSB soft masses depend only on the three gauge couplings and
m3/2. However, the dependence on the U(1)x gauge coupling is in all cases proportional to
Y 2; this is the same as the dependence on A, so g1 will cancel by construction from the
functions we have considered. All the masses depend on m3/2 identically, and so only two
of the ten combinations are linearly independent. This can be seen clearly in the second
column of Table 2.
While the values of the sum rules are independent of the x sector, the ones that will
be most useful in practice are not. The spectrum will determine which three scalar masses
can be measured first, and thus compared to the predictions of Table 2. The question of
the extent to which these predictions can be tested at the LHC or other possible future
experiments is deferred to future work.
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Prediction
Scalar Mass Sum Rule Analytic ×m
2
3/2
(4pi)4
Numerical
24m2Q +m
2
u − 10m2d 120g43 − 36g42 (4.8 TeV)2
3m2Q − 3m2u + 5m2L −12g42 - (550 GeV)2
24m2Q + 3m
2
u − 2m2e 216g43 − 36g42 (6.5 TeV)2
15m2Q − 6m2d +m2L 72g43 − 24g42 (3.7 TeV)2
24m2Q − 15m2d +m2e 72g43 − 36g42 (3.7 TeV)2
27m2Q + 5m
2
L − 2m2e 216g43 − 48g42 (6.5 TeV)2
5m2u − 2m2d − 8m2L 24g43 + 12g42 (2.3 TeV)2
m2u + 5m
2
d −m2e 48g43 (3.1 TeV)2
27m2u − 40m2L − 2m2e 216g43 + 60g42 (6.7 TeV)2
27m2d + 8m
2
L − 5m2e 216g43 − 12g42 (6.4 TeV)2
Table 2: The ten combinations of squark and slepton masses that are independent of the
details of the x sector, and the predictions for those values (m3/2 = 60 TeV).
4 Phenomenology
The modified AMSB scenario under consideration has gaugino masses as in minimal AMSB
together with a broad range of scalar soft masses that can be characterized by the two
parameters A and B. In this section we investigate the collider and cosmological implications
of the resulting superpartner spectra. A key feature of the spectra is that the LSP is almost
always a predominantly Wino neutralino accompanied by a nearly degenerate chargino state.
The small mass difference makes the chargino metastable and allows it travel a macroscopic
distance (typically a few cm) before decaying. We begin by discussing the implications of
this effect on the collider signals of this scenario. Next, we study the mass spectrum and
the LHC collider phenomenology of several specific benchmark points within the A-B plane,
which we find can be significantly different from those considered in other modified AMSB
scenarios [37, 38, 39, 40]. Finally, we comment on the effects of a mostly-wino LSP on
cosmology.
4.1 Charginos and Charged Tracks
As in minimal AMSB, the gaugino mass spectrum in our scenario has a Wino that is
considerably lighter than the other gauginos. In most of the parameter space the µ term
is also much larger than M2. These two features lead to a chargino NLSP that is nearly
degenerate with a mostly-Wino neutralino LSP. If the mass splitting exceeds the charged
pion mass ∆m > mpi, the dominant decay mode is χ˜
±
1 → χ˜01pi±. The rate for this decay is
often quite slow and the chargino can travel a macroscopic distance to produce a charged
track several centimeters long [26, 41, 42]. If ∆m < mpi, the even slower three-body mode
χ˜±1 → χ˜01eνe dominates and gives rise to a long charged track that extends beyond the muon
chamber [43]. Such long-lived charginos could be seen in standard searches for metastable
charged particles. On the other hand, short charged track stubs from the two-body decay
11
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Figure 4: Chargino decay lengths cτ in cm throughout the A-B plane for m3/2 = 60 TeV
and tan β = 10.
require a different set of triggers, as discussed in Ref. [44].
Evidently the chargino-neutralino mass difference plays a crucial role in determining the
collider phenomenology of this and other AMSB-like constructions. Relative to minimal
AMSB, the value of µ (as determined by electroweak symmetry breaking and the predicted
scalar soft masses) and the masses of the scalar superpartners can be considerably different
in our scenario, and this can modify the chargino-neutralino mass difference. In most of the
A-B plane we find that µ is very large relative to M2 leading to a very small tree-level mass
splitting ∆m, typically well below the pion mass. However, as discussed in Ref. [26], finite
loop corrections involving the scalar superpartners tend to increase the mass splitting above
the pion threshold [45].
We find that one-loop corrections to the MSSM spectrum push ∆m > mpi throughout the
entire A-B plane for any reasonable values ofm3/2 and tan β [26]. This leads to dominant two-
body chargino decays with decay lengths cτ in the range of a few centimeters, as illustrated
in Fig. 4 for m3/2 = 60 TeV and tan β = 10. The mass splitting is largest towards the
upper-right section of this plane due to smaller values of µ that occur there. Additionally,
light mostly left-handed stops and sbottoms increase the mass splitting in the bottom-right
section of the plane.
Charged track stubs of this length could be observed in the inner detectors of ATLAS and
CMS, albeit with some difficulty. Without a dedicated search for them, the light charginos
contribute to missing energy in the event since the pion emitted in their decay is very soft.
As such, the standard SUSY search techniques can be applied to this scenario as well, and we
will treat both states as contributing to missing energy for the remainder of this discussion.
However, the track stubs from chargino decays could potentially be extracted from the inner
detector if a specific search is made for them, provided they are accompanied by a hard jet
12
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Figure 5: Locations of the five benchmark points in the A-B plane with m3/2 = 60 TeV
(left), and the schematic particle spectrum of these points (right).
or photon to serve as a trigger [26, 38, 39, 46].
4.2 Benchmark Points
We study five benchmark points that cover a broad range of the qualitative collider signatures
that can arise in this scenario. Recall from Fig. 3 that the left-handed squark soft masses
increase from lower right to upper left in the A-B plane, the right-handed slepton soft masses
increase from upper left to lower right, and the left-handed slepton soft masses increase from
lower left to upper right. Our benchmark points are chosen along these three gradients, and
we show their locations in the A-B plane in the left panel of Fig. 5. For all these points, we
choose m3/2 = 60 TeV and tan β = 10, and we label them as XAMSBi with i = 1−5. Our
choice of m3/2 provides a superpartner spectrum that is accessible at the LHC while being
consistent with existing LHC searches.
For each benchmark point we generate decay tables using SUSY-HIT [47]. The leading-
order LHC7 production cross sections (pp collider at
√
s = 7 TeV) are computed with
Pythia 6.4 [48]. We also cross-check our results with BRIDGE [49] and MadGraph [50],
and find consistent behaviour. The generic features of the spectra for all these points
are illustrated schematically in the right panel of Fig. 5. The mass spectra and dominant
branching fractions are shown in Figs. 6-8, while the leading superpartner production cross
sections at the LHC are listed in Tables 3, 4, 5. In Figs. 6-8, the notation for branching
ratios to NLSP/LSP is in the order of heavier/lighter SUSY final state.
All these points have similar gaugino spectra, with a mostly-Wino LSP and chargino
NLSP with masses close to 165 GeV, a mostly-Bino neutralino with mass near 545 GeV,
and a gluino with mass near 1.3 TeV. On the other hand, the masses of Higgsino-like states
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Figure 6: Mass spectrum and decay branching fractions for the benchmark points XAMSB1
(left) and XAMSB2 (right).
σSUSY 1.35 pb
χ˜01χ˜
±
1 + χ˜
∓
1 χ˜
±
1 1.34 pb
q˜Lq˜
(∗)
L 2.4 fb
χ˜01q˜L + χ˜
±
1 q˜L 1.36 fb
g˜q˜L 1.2 fb
g˜g˜ 0.1 fb
b˜Lb˜
(∗)
L 0.9 fb
t˜Lt˜
(∗)
L 0.7 fb
σSUSY 8.55 pb
χ˜01χ˜
±
1 + χ˜
∓
1 χ˜
±
1 1.25 pb
b˜1
¯˜b1 6.0 pb
t˜1
¯˜t1 1.2 pb
q˜Lχ˜
0
1 0.09 pb
q˜Lq˜
(∗)
L 0.02 pb
q˜L ¯˜qR 7.0 fb
d˜Rd˜
(∗)
R 0.3 fb
Table 3: Production cross sections for XAMSB1 and XAMSB2.
as well as the scalar spectra vary widely. We will discuss the details below.
4.2.1 XAMSB1 (
√
A = 2775 GeV, sgn
√
B = −1203 GeV)
The XAMSB1 benchmark point has a mostly left-handed sbottom with a mass near 750 GeV
and a slightly heavier left-handed stop near 800 GeV as the lightest squarks. The other
squarks and the gluino have masses in excess of 1.2 TeV, as seen in the left panel of Fig. 6.
The production of superpartners is dominated by electroweak chargino and neutralino
pair creation processes, and is given in Table 3. The lightest neutralino will be invisible, as
will the lightest chargino up to an accompanying short charged track stub and a very soft
pion. To observe these electroweak production processes, an additional radiated hard jet or
photon would be required [38, 39, 46]. The associated squark/-ino production modes would
yield a similar monojet signal, but have very small cross sections (given in Table 3).
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σSUSY 1.35 pb
χ˜01χ˜
±
1 + χ˜
∓
1 χ˜
±
1 1.33 pb
q˜Lq˜L 2.8 fb
q˜Lχ˜
±
1 1.5 fb
q˜Rq˜R 0.7 fb
σSUSY 1.4 pb
χ˜01χ˜
±
1 + χ˜
∓
1 χ˜
±
1 1.39 pb
q˜Lq˜L 1.6 fb
q˜Rq˜R 0.35 fb
q˜Rg˜ 0.3 fb
Table 4: SUSY production cross section for XAMSB3 and XAMSB4
The rates for QCD production of squarks and gluinos are suppressed by the heavier masses
of these states. For the gluino and the light-flavour squarks, the production rates are safely
below the current limits from LHC searches for jets and missing energy (MET) [51, 52, 53, 54].
This is also true for the lighter stop and sbottom states, which have lower production rates
for a given mass since they are not created efficiently via qq initial states. In particular, the
sbottom and stop states are heavy enough to avoid the LHC limits from searches for b jets
and MET [55] as well as inclusive searches for jets and MET.
4.2.2 XAMSB2 (
√
A = 2617 GeV, sgn
√
B = −2364 GeV)
The spectrum for XAMSB2 has a mostly left-handed sbottom and stop that are light
relative to the other squarks. As shown in Table 3, this leads to very large production cross-
sections. The smaller mass differences between these squarks and the Wino-like chargino and
neutralino states cause them to decay primarily into b quarks and χ˜01 (for b˜1) or χ˜
+
1 (for t˜1)
rather than the kinematically-suppressed top modes. As such, we expect that this point can
be probed by LHC searches in the inclusive jets plus MET channels [51, 52, 53, 54], in addition
to searches for bottom jets and MET [55]. However, despite the large production rates the
relatively small mass differences between the stop/sbottom and the chargino/neutralino make
these squarks difficult to detect. For this reason, these states are not constrained by Tevatron
searches [56, 57], and we expect the same to hold for existing LHC searches.
The d˜R state is also not overly heavy at the XAMSB2 sample point. Its production
is too small to be observed with existing analyses. Even so, with future searches in mind
we note that it decays through an extended cascade, going first to d + χ˜02, followed by χ˜
0
2
decaying to t˜L + t or b˜L + b, which then go to b + (N)LSP . The net final state therefore
consists of multiple light and b jets, possibly some leptons, and missing energy.
4.2.3 XAMSB3 and XAMSB4
(
√
A = 938 GeV, sgn
√
B = −809 GeV) and (√A = 1491 GeV, sgn√B = 749 GeV)
Points XAMSB3 and XAMSB4 are similar in that they both have relatively light sleptons,
lighter than the mostly-Bino sate, as can be seen in Fig. 7. In the case of XAMSB3 the
lighter sleptons are mainly right-handed, while for XAMSB4 they are predominantly left-
handed. The presence of such light sleptons offers the possibility of additional leptons in
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Figure 7: Spectrum and branching fractions for XAMSB3 and XAMSB4.
cascade decays. Both points also have all squarks heavier than about 1 TeV, and are therefore
expected to be consistent with existing LHC searches for jets plus MET.
The mass spectrum of XAMSB3 leads to final states with multiple leptons. The right-
handed squarks decay preferentially to the Bino-like χ˜02 neutralino rather than the lighter
Wino-like neutralinos and charginos. Subsequently, χ˜02 decays most of the time to the lighter
charged sleptons by emitting the corresponding charged lepton. Yet another charged lepton
(of opposite sign) will be produced if the slepton decays to the neutralino LSP. The dilepton
invariant mass in this case will provide an efficient probe of the underlying slepton masses.
In contrast, the relatively light (mostly left-handed) sleptons of XAMSB4 are not popu-
lated very efficiently by cascade decays. The χ˜02 mode decays primarily via a W
± or Z0 in a
2:1 ratio to χ˜±1 or χ˜
0
1, and are therefore a less efficient source of leptons. The most promising
search strategy for this parameter point is thus likely to be jets plus MET.
4.2.4 XAMSB5 (
√
A = 2506 GeV, sgn
√
B = 1004 GeV)
Relative to the other sample points, the distinctive feature of XAMSB5 is that it has lighter
higgsinos. As shown in Fig. 8, these give rise to multiple chargino and neutralino states with
masses close to 600 GeV, well below the masses of all the scalars. In comparison, the lightest
squarks are the mostly-left-handed stop and sbottom, with masses close to 1 TeV.
The lighter stop and sbottom states have significant branching fractions to decay to
Higgsino-like charginos or neutralinos, on account of the large top Yukawa coupling. Their
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σSUSY 1.5 pb
χ˜01χ˜
±
1 + χ˜
∓
1 χ˜
±
1 1.49 pb
χ˜03χ˜
±
2 1.4 fb
χ˜02χ˜
±
2 0.9 fb
b˜1
¯˜b1 0.04 fb
t˜1
¯˜t1 0.03 fb
Table 5: SUSY production cross sections for XAMSB5
decays will involve a top or bottom quark. Higgsino-like charginos and neutralinos will
subsequently decay to the lightest Wino-like states by emitting a W , a Z, or the lightest
Higgs boson h0. Cascades for this point are therefore expected to include multiple bottom
quarks, both from direct bottoms, top decays, and Higgs decays.
4.3 Comments on Dark Matter
The cosmological behaviour of this extended AMSB scenario is expected to be very similar
to many other supersymmetric theories with a gaugino mass spectrum following the minimal
AMSB scenario. The obvious dark matter candidate is the mostly-Wino neutralino LSP. This
state annihilates (and coannihilates with the nearly degenerate charginos) very efficiently in
the early Universe. The resulting dark matter relic density is smaller than the observed
value for M2 below about 2.5 TeV [58].
3 For M2 ' 2.5 TeV an acceptable relic density is
3 Note as well that the metastable charginos decay relatively quickly on cosmological time scales, and
certainly well before the onset of primordial nucleosynthesis.
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obtained, but the entire superpartner mass spectrum in this case is very heavy relative to
the electroweak scale.
An acceptable mostly-Wino neutralino relic density can arise for smaller neutralino
masses if these states are produced non-thermally, such as through the decay of a moduli
field [59, 60]. Due to the relatively large annihilation cross section of such states, they have
been put forward [61, 62] as a possible explanation for the apparent excess of positrons seen
by the PAMELA experiment [63]. However, this proposal is constrained by the apparent
absence of an excess in antiproton cosmic rays in the PAMELA data [64], by searches by
the Fermi Space Telescope for gamma rays that are monoenergetic [65] or originating in
dwarf spheroidal galaxies [66], and from limits on energy injection at recombination based
on measurements of the cosmic microwave background [67]. Mostly-Wino DM can also be
consistent with existing bounds from direct detection (such as XENON 100 [68]) provided
|M2/µ|  1 [59, 40].
5 Conclusion
In this work we have proposed and investigated a simple extension of minimal AMSB that
can give rise to a viable spectrum of MSSM superpartners while not introducing dangerous
new sources of flavour mixing. A sequestered MSSM sector couples via a gauge kinetic
mixing coupling of hypercharge to a new, unsequestered U(1)x gauge multiplet.
We find that the new gauge multiplet provides an additional source of supersymmetry
breaking that can render all MSSM squark and slepton soft masses positive and produce a
phenomenologically viable spectrum. The gaugino masses in this scenario are nearly identical
to those in minimal AMSB, while the scalar masses cover a diverse range of values.
The LSP in this scenario is a mostly-Wino neutralino that is nearly degenerate in mass
with a mostly-Wino chargino. This chargino can travel a macroscopic distance of a few
centimeters after being produced in a high-energy collider, giving rise to charged track stubs.
The scalar spectrum in this scenario tends to yield top- and bottom-rich cascade decays at
the LHC together with missing energy. Multi-lepton states can arise in certain cases as well.
Measuring the masses of a variety of these states could help to identify this scenario using
LHC data as the soft scalar masses satisfy a number of simple sum rules.
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A Soft Masses and RG Running
The effects of the x sector on the RG running of the MSSM soft masses can be derived in
a simple way by using analytic continuation methods in superspace [69, 70]. For this, it is
convenient to describe the approximately globally supersymmetric theory valid below Λ with
a renormalized 1PI effective Lagrangian of the form
L =
∫
d4θ
(
Ziφ
†
ie
2YiVY φi + ZpH
†
pe
2xpVxHp
)
+
(∫
d2θ W + h.c.
)
(15)
+
∫
d4θ (ξY VY + ξxVx) +
∫
d2θ
(
1
4G2Y
BαBα +
1
4G2x
XαXα +
h
2
XαBα
)
+ (h.c.) .
Soft supersymmetry breaking is contained within non-vanishing auxiliary components of the
renormalized couplings, which are now elevated to real (Zi) and chiral (Gi, h) superfields.
The θ4 component of lnZi contributes to the soft scalar squared mass of φi,
∆m2i = − lnZi|θ4 , (16)
while a trilinear A-term of the form φiφjφk comes from
Aijk = (lnZi + lnZj + lnZk) |θ2 . (17)
In the gauge sector, we identify the physical gauge coupling and gaugino mass with a real
superfield R given by
Ra ≡ 1
2G2a
+
1
2G2†a
−
∑
i
q2i
8pi2
lnZi + . . . , (18)
with the sum running over all fields with charge qi under the a-th gauge group and the
omitted terms are of higher order in the gauge coupling. From this vector superfield, we
obtain the physical gauge coupling and gaugino mass according to
Ra|0 = 1
g2a
, Ra|θ2 = −Ma
g2a
. (19)
The θ4 component of Ra is smaller by a loop factor [70].
In the same way, we can form a real superfield E corresponding to h:
E =
h + 
†
h
2
−
∑
i
qixqiY
8pi2
lnZi + . . . (20)
With this prescription, we identify the physical kinetic mixing parameter  with
 = E/
√
RxRY |0 ' gxgY Re(h) . (21)
The holomorphic basis of Eq. (15) is useful because it separates the running of hyper-
charge and U(1)x. Holomorphy implies that the running of Gx, GY , and h is one-loop exact.
For the gauge couplings,
d
dt
(
1
G2a
)
=
ba
8pi2
, ba = −tr(q2i ) = −2x2H , − 33/5 . (22)
19
Taking the θ2 component of Eq. (22) then gives the standard MSSM one-loop RG equation
for M1 as well as
(4pi)2
dMx
dt
= 4x2Hg
2
xMx . (23)
Since there are no fields in the low-energy theory charged under both hypercharge and U(1)x,
the holomorphic mixing h does not run at all [71]. As long as the source of kinetic mixing
is sequestered from supersymmetry breaking, h has a vanishing θ
2 component and there is
no mixed gaugino soft mass in this basis. We also have to one-loop order
d
dt
'
(
βx
gx
+
βY
gY
)
 ' 1
4pi2
(
2x2Hg
2
x +
33
5
g21
)
 , (24)
with βa = dga/dt.
Running of the soft scalar squared masses and the trilinear A terms can be derived from
the higher components of the wavefunction factors. At one-loop order, the running of the
wavefunction of the i-th MSSM field is [71]
(4pi2)
d lnZi
dt
= (4pi2)
(
d lnZi
dt
)
MSSM
+ 4Y 2i R
−1
Y
(
1
1− E2R−1x R−1Y
− 1
)
, (25)
where the E2-dependent correction comes from resumming double insertions of the kinetic
mixing on diagrams of the form of Fig. 2. Expanding out the correction to quadratic order
in  gives
(. . .)|θ2 = 4g2Y Y 2i 2(Mx + 2M1) , (26)
(. . .)|θ4 = 8g2Y Y 2i 2
(|Mx +M1|2 + 2|M1|2) . (27)
Keeping only those terms that are enhanced by |Mx|  |M1| leads to the Mx-dependent
parts of Eqs. (4,5).
The Lagrangian of Eq. (15) also contains Fayet-Iliopoulos (FI) terms for U(1)x and
hypercharge. At one-loop they run according to [36]
dξa
dt
=
2
(4pi)2
tr(qa∆m
2) , (28)
where ∆m2i is the contribution to the i-th scalar soft mass from the corresponding wave-
function factor, as in Eq. (16). For a single U(1) factor, when the auxiliary D-fields are
integrated out, the FI terms effectively contribute to the scalar soft masses, producing a
total value of
m2i = ∆m
2
i + qi,ag
2
aξa . (29)
The RG running of these two contributions can be dealt with separately, or together in
a single RG equation for m2i . In the latter case, the contributions of the FI term to the
running are closely related to the “S” terms proportional to tr(Y m2) that appear in the
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usual RG equations for the MSSM soft scalar masses [72]. With several U(1) factors and
kinetic mixing, there are additional effects that we will describe below.
After running from the high scale Λ in the MSSM×U(1)x theory down to scale m3/2, we
integrate out the x sector and continue to run the remaining soft masses in the MSSM alone.
For this, it is convenient to convert Eq. (15) to a canonical basis for all fields, as in Eq. (2).
Kinetic mixing among the gauge fields and the gauginos can be eliminated by shifting the
(now canonically normalized aside from the mixing) vector multiplets according to
VY → VY − sVx, (30)
Vx → cVx,
where c = 1/
√
1− 2 and s =  c. After making this shift, the vector multiplets are
canonically normalized with no gauge kinetic mixing, the fields initially charged under U(1)x
now couple to the U(1)x multiplet with strength
gxcxp ≡ g˜xxp . (31)
In particular, the mass of the U(1)x vector boson is 2g˜
2
xx
2
Hη
2, where η =
√〈H〉2 + 〈H ′〉2.
Those fields initially charged only under hypercharge now couple in the same way as before
to the U(1)Y multiplet, but they also develop a coupling to the U(1)x multiplet of strength
− g˜x s
(
gY
g˜x
)
Yi . (32)
This shift induces a small amount of mass mixing among the vector and gaugino fields. For
the vectors, the mixing is on the order of 2m2Z/m
2
x while for the gauginos it is M1/Mx. We
neglect this effect since it is suppressed by both a small mass ratio and the kinetic mixing
parameter.
Shifting the gauge multiplets also modifies the hypercharge and U(1)x D terms. The
D-term potential becomes
VD =
1
2
c2g
2
x
(∑
i
xi|Hi|2
)2
+ c2(g
2
xξx − gxgY ξY )
∑
i
xi|Hi|2 (33)
+
1
2
c2g
2
Y
(∑
i
Yi|φi|2
)2
+ c2
[
g2Y ξY − gxgY (
∑
i
xi|Hi|2 + ξx)
]∑
i
Yi|φi|2 .
The terms quadratic in the scalar fields can be absorbed as shifts in the soft squared masses.
From this, we see that kinetic mixing alters the effective MSSM soft masses through both the
U(1)x FI term and the VEVs of H and H
′. Using Eqs. (28,29), the explicit dependence on FI
terms can be incorporated instead into the running of the total scalar soft masses in both the
visible and the x sector. This is the origin of the term proportional to Sx = xH(m
2
H −m2H′)
in Eq. (4) [36]. Incorporating the FI terms into the running of the x-sector total soft masses,
we find
(4pi)2
dm2H,H′
dt
= −8x2Hg2x|Mx|2 ± 2g˜2xx2H(m2H −m2H′)∓ 2s
√
3
5
xH g˜xg1tr(Y m
2) . (34)
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Parameter Interval
m2H [−100, 100]
m2H′ [−100, 100]
b′ [0, 100]
µ′ [−10, 10]
Table 6: Scan range of Lagrangian parameters for exploration of fine tuning in the x sector.
Note that the overall scale of these parameters is unimportant to this appendix.
From Eq. (33) we see as well that in integrating out the massive x-sector at scale m3/2, the
effective MSSM soft masses are shifted by
m2i → m2i +
s
2
Yi
xH
gY
g˜x
m2x cos 2α , (35)
which coincides with the prescription of Eq. (7).
B Fine Tuning in the Scalar Potential
The x-sector scalar potential has a D-flat direction when the two Higgs states have equal
expectation values. In this case, the potential of Eq. (8) is purely quadratic and can not
have a stable non-zero minimum. The requirement that the quadratic coefficient in the D-flat
direction is positive also disfavours a minimum with tanα close to unity when this parameter
is determined from a uniform scan over the soft supersymmetry breaking parameters in the
x sector; it requires a fine tuning to make the combination m2H + m
2
H′ + 2µ
′2 − 2b much
smaller than the natural scale, m23/2. For this reason, in our parameter scans discussed in
Section 3 where we use a uniform prior on tanα, we excise a small region around tanα = 1.
To quantify this fine tuning, we perform a simple scan over the Lagrangian parameters
to answer two questions: what is the implied distribution of tanα for flat priors on the x-
sector supersymmetry breaking parameters; and when do we get an “unnatural” cancellation
between the Lagrangian parameters, leading to very light states. As the overall scale is
unimportant, we treat the mass parameters as dimensionless and use flat priors with the
ranges given in Table 6. Note that we may choose b′ positive without loss of generality. We
randomly generate 106 points, rejecting those where the potential is not bounded from below
or the U(1)x gauge symmetry is not spontaneously broken. For the survivors we calculate
both tanα and the mass of the lightest bosonic state, the lighter real scalar.
We plot the (unnormalised) distribution of tanα in Fig. 9. The general behaviour is easy
to understand. Recall that α is given by
sin(2α) =
2b′
m2H +m
2
H′ + 2µ
′2 . (36)
Uniform priors on the Lagrangian parameters would lead to an approximately flat distribu-
tion in sin(2α). Demanding spontaneous symmetry breaking as well imposes a lower limit
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Figure 9: Distribution of tanα implied by uniform priors on Lagrangian parameters, and
imposing consistent spontaneous symmetry breaking.
on b′, and thus biases sin(2α) – and hence also tanα – towards unity. The dip in Fig 9 at
tanα = 1 is due to the Jacobian of the variable transformation:
p(tanα) =
∣∣∣∣d sin(2α)d tanα
∣∣∣∣ p¯(sin(2α) = |1− tan2 α|(1 + tan2 α)2 p¯(sin(2α). (37)
We see that tanα very close to unity is thus theoretically disfavoured.
Further, small values of | tanα− 1| are atypical in another sense. In Fig. 10 we show the
fraction of points for a given tanα for which the mass of the lightest scalar is one-tenth or
less of the average of the Lagrangian parameters:
m2h1x ≤ 10−2 ×
1
4
(
∣∣m2H∣∣+ ∣∣m2H′∣∣+ µ′2 + b′). (38)
This corresponds to a 1% cancellation that is unprotected by any symmetries. It is clear
that these points are almost exclusively associated with tanα close to 1. They correspond
to the near-flatness of the potential for | tanα − 1|  1, and they also coincide with very
large vector boson masses m2x  m23/2. In our phenomenological analysis in Section 3 where
we scan over tanα with a uniform prior, we exclude this unlikely central peak by demanding
|tanα− 1| > 0.1.
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